Abstract. Salvianolic acid B is one of the key water-soluble components of Salvia extract. It has been verified that salvianolic acid B possesses multiple pharmacological activities, it protects against myocardial infarction, however additionally improves injur y of myocardial ischemia-reperfusion. The present study, the possible effects of salvianolic acid B on cognitive deficits and angiogenesis in cerebral small vessel disease were investigated. Salvianolic acid B was identified to recover cognitive deficits and neurocytes, reduce inflammation, oxidative stress and neurocyte apoptosis (caspase-3 and Bax protein expression) in cerebral small vessel disease rats. In addition, salvianolic acid B upregulated signal transducer and activator of transcription 3 (STAT3) phosphorylation protein expression, and induced vascular endothelial growth factor (VEGF) and VEGF receptor 2 protein expression in cerebral small vessel disease rats. In conclusion, the results demonstrated that salvianolic acid B recovers cognitive deficits and angiogenesis in the cerebral small vessel disease rat model via STAT3/VEGF signaling pathway.
Introduction
Cerebral small vessel disease (CSVD) is an important type of cerebrovascular diseases, which is the primary cause of aged cognitive impairment and loss of function, and is closely associated with the pathophysiology of apoplexy, dementia and aging (1) . In western countries, CSVD is accountable for ~25% of the causes of ischemic strokes (1) , and an additional study in China indicated that 46% of strokes are due to lacunar infarct (2) . In 2012, small vessel disease was discussed at the International Apoplexy Conference and European Apoplexy Conference (3) , and CSVD has gained attention from clinicians in departments of neurology and imaging (4) .
CSVD is comprised of lacunar infarction, leukodystrophy and cerebral hemorrhage, and it is recognized that CSVD is a vascular wall lesion caused by increasing age, hypertension and vascular amyloidosis (5) . It has been identified that there are no concomitant clinical symptoms and signs with cerebral microbleeds (5) , while tissue damage of corresponding parts caused by the increasing of cerebral microbleeds may induce cognitive impairment (4) . It has been identified that the majority of patients with cerebral microbleeds present with a low score on information processing speed and executive capacity, particularly for those patients whose cerebral microbleeds were present in the deep brain and region below the tentorium of the cerebellum. In addition, it is dependent on the scale of white matter lesion and ischemic brain death, which suggests that cerebral microbleeds caused cognitive impairment (6) .
Gap expansions around the blood vessel have been associated with lacunar infarction and leukodystrophy (7) . Previous studies have indicated that the age, hypertension, volume of leukodystrophy, lacunar infarction and the gap expansion surrounding the blood vessel should be regarded as the MRI indicator of advanced CSVD (7, 8) . A previous study indicated that progressive CSVD is associated with decreasing cognitive impairment, particularly with non-verbal inference and visual-spatial ability (9) . This is possibly due to the enlarged gaps around blood vessel breaking the nerve fibers of basal ganglia region and central semiovale center which are associated with cognitive functions (10) .
Vascular endothelial growth factor (VEGF) is present in the central nervous system and was the first identified mature cellular growth factor (10) . In addition to stimulating the proliferation of endothelial cells, it is able to inhibit cell apoptosis and maintain survival of nerve cells (11) . The signal transducer and activator of transcription (STAT) family is a group of transcription factor proteins including STAT1, STAT2, STAT3, STAT4, STAT5 and STAT6. During the development process of the central nervous system, STAT proteins are present in the neurons and neurogliocytes. As important members of the STAT family, the expression of STAT3 is markedly increased following cerebral ischemic injury and the activity also increases when stimulated by cytokines and growth factors (12) . Following initiation of CSVD, the injured brain tissue releases reactive oxygen species (ROS), cytokines and chemokines, which can activate STAT3 through common receptor glycoprotein 130 and the STAT3 signaling pathway undergoes phosphorylation under stimulation by ROS, cytokines and chemokines (13) .
The present study indicated that salvianolic acids were the most water-soluble in Salvia miltiorrhiza Bunge (14) . Salvianolic acid B (Fig. 1) is the active ingredient with the strongest biological activity in salvianolic acid (15) . A previous study has identified that salvianolic acid can be used to protect against myocardial ischemia/reperfusion injury, myocardial infarction and cardiomyocyte hypertrophy (16) . It was suggested that in the early period of induction of newborn rat myocaridial cell injury with lipopolysaccharides, the toll-like receptor 4-nuclear factor κB-tumor necrosis factor (TNF)-α pathway is rapidly activated and salvianolic acid B takes effect to protect against myocardial cell injury, which is possibly mediated by inhibition of this pathway (15, 16) .
Materials and methods
Animals. Male Sprague-Dawley rats (weight, 210-230 g; 8 weeks, n=6) and spontaneously hypertensive rats (SHR; n=20) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), and were maintained at a constant temperature (23-24˚C), humidity (50-55%) with a 12 h light/dark cycle with free access to food and water. Male Sprague-Dawley rats were assigned to sham (control) group (n=6), SHR were randomly assigned to two groups: CSVD model group (n=10) and salvianolic acid B treatment group (n=10). In the salvianolic acid B treatment group, rats were treated with 80 mg/kg of salvianolic acid B (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 8 weeks. The experiments of the current study were approved by the Medical Ethics Committee of Beijing Chaoyang Hospital, Capital Medical University (Beijing, China).
Behavioral tests. A circular pool (180x42 cm) was filled with water (22±2˚C) to a height of 35 cm. Briefly, rats were placed in the arena and on the platform for 10 min on four consecutive days. The pool was divided into quadrants and indicated by optical cues. A transparent escape platform was placed at beneath the water surface (2 cm) in the center of one quadrant. Rats were placed at a rotarod drum and time (sec) of latency to fall from the rod, which was measured three times per day was measured. Average latency was calculated for each testing day.
Enzyme-linked immunosorbent assay. Peripheral blood was extracted from each rat and serum was obtained subsequent to centrifugation at 2,000 x g for 10 min at 4˚C. Serum was used to measure inflammation [TNF-α (H052), interleukin (IL)-1β (H002), IL-6 (H007) and IL-18 (H015)] and oxidative stress [superoxide dismutase (SOD, A001-1-1), catalase (CAT, A007-1-1), glutathione (GSH, A006-2) and malondialydehyde (MDA, A003-1)] using ELISA kits (Nanjing Jiancheng Bioeng ineering Institute, Nanjing, China).
Western blot analysis. Tissue samples were homogenized by adding lysis buffer and a protease inhibitor and the supernatant was collected following centrifugation at 13,800 x g for 10 min at 4˚C. Total protein concentration was determined using a bicinchoninic acid protein assay (Beyotime Institute of Biotechnology, Nanjing, China). The protein sample was separated by 6-10% SDS-PAGE and transferred onto a polyvinylidenedifluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Membrane was blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h at room temperature and were incubated with the following primary antibodies: Caspase-3 (sc-98785, 1:1,000), Bcl-2-associated X protein (Bax; sc-6236, 1:1,000), VEGF (sc-13083, 1:1,000), VEGF-R2 (sc-504, 1:1,000), phosphorylated STAT3 (p-STAT3; sc-8001-R, 1:1,000) and GAPDH (sc-25778, 1:1,000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. The membranes were washed three times for 10 min in TBS-T and further incubated for 1 h at 37˚C with horseradish peroxidase (HRP)-conjugated goat anti-rabbit Immunoglobulin G (sc-2030, 1:5,000, Santa Cruz Biotechnology, Inc.) and observed using the enhanced chemiluminescent HRP substrate (WBKLS0500; EMD Millipore, Billerica, MA, USA).
Statistical analysis.
Experiments were repeated in triplicate; data are presented as the mean ± standard error. Comparisons between mutants were made using one-way analysis of variance, with a Bonferonni post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Salvianolic acid B recovers cognitive deficits in CSVD rat. Cognitive deficits were evaluated in CSVD rats with salvianolic acid B, which exhibited that salvianolic acid B has nervous effects in CSVD. As presented in Fig. 2A and B, escape latency and mean path length of CSVD rats were significantly reduced compared with those of the sham group. However, time spent in the target quadrant and the number of times the animals crossed the former platform location of CSVD rats were significantly increased compared with the sham group (Fig. 2C and D) . Following treatment with salvianolic acid B, cognitive deficits were recovered, escape latency was reduced and mean path length was reduced. The rats spent less time in the target quadrant and the number of times the animals crossed the former platform location was reduced in CSVD rats by salvianolic acid B, when compared with CSVD model rats (Fig. 2) .
Salvianolic acid B reduces inflammation in CSVD rats.
In the sham group, reduction of TNF-α, IL-1β, IL-6 and IL-18 levels was observed, compared with CSVD model group (Fig. 3) . Treatment with salvianolic acid B significantly reduced TNF-α, IL-1β, IL-6 and IL-18 levels compared with the CSVD model rats (Fig. 3) .
Salvianolic acid B reduces oxidative stress in CSVD rat. By contrast, significantly higher levels of MDA, and reduced levels of SOD, CAT and GSH in CSVD model group, compared with the sham rats (Fig. 4) . The administration of salvianolic acid B significantly inhibited MDA and increased SOD, CAT and GSH levels in CSVD rats, compared with the CSVD model rats (Fig. 4) .
Salvianolic acid B reduces neurocyte apoptosis (caspase-3 and Bax protein expression) in CSVD rats.
To confirm the anti-apoptotic effects of salvianolic acid B in CSVD, caspase-3 and Bax protein expression was measured by western blot analysis. As presented in Fig. 5A -C, caspase-3 and Bax protein expression of the CSVD model group were higher than those of the sham group. Salvianolic acid B significantly reduced caspase-3 and Bax protein expression of CSVD rat, compared with the CSVD model group (Fig. 5A-C) . A significantly greater number of nerve cells was observed in the sham group compared with the CSVD model group (Fig. 5D) . Treatment with salvianolic acid B significantly promoted the number of nerve cells in CSVD rats, compared with the CSVD model group (Fig. 5D) .
Salvianolic acid B recovers STAT3 phosphorylation, VEGF
and VEGF-R2 protein expression in CSVD rats. In order to analyze the mechanism underlying the effects of salvianolic acid B on CSVD, STAT3 phosphorylation, VEGF and VEGF-R2 protein expression in CSVD rats, western blot analysis was conducted. p-STAT3, VEGF and VEGF-R2 protein expression levels in CSVD rats were lower than those of the sham group (Fig. 6) . Treatment with salvianolic acid B significantly upregulated p-STAT3 protein expression, and induced VEGF and VEGF-R2 protein expression in CSVD rat, compared with the CSVD model group (Fig. 6) .
Discussion
With the aging population in China, CSVD is a cause of economical burden to society due to the high morbidity, recurrence rate, disability rate and fatality rate (17) , and CSVD-associated morbidity is increasing in China (4). It is accepted that CSVD is closely associated with numerous diseases including apoplexy, cognitive and affective impairment and instability of gait and function aging (18) . In the present study, salvianolic acid B was identified to recovers cognitive deficits in CSVD rats.
The mechanism by which CSVD causes damage to the brain is complex remains to be fully understood (19) . Congenital and acquired risk factors cause microvascular disease, and this leads to a series of pathological changes, reduction of cerebral blood flow, oligodendrocyte apoptosis and the destruction and inflammation of the blood brain barrier (6). These observations suggest that salvianolic acid B recovers neurocytes, reduces inflammation, oxidative stress and neurocyte apoptosis in CSVD rats. Lv et al (20) demonstrated that salvianolic acid B attenuated apoptosis and inflammation via sirtuin 1 activation in stroke rats.
Subsequent to CSVD in adult rats, the expression of p-STAT3 in brain tissue increases and the location of p-STAT3 in nerve cells varies (21) . Certain studies reported that p-STAT3 is predominantly expressed in nerve cells and that p-STAT3 is expressed in reactive astrocyte cells and gitter cells (21, 22) . In addition the excitation effect of STAT3 for ischemic brain injury remains controversial (22) . A previous study suggested that the excitation effect of STAT3 can increase the inhibitor of apoptotic protein Bcl-2 and Bcl-xl and decrease the Bax expression of apoptotic protein Bax to take the excitation effect of nerves (22) . An additional study reported that excessive activation of STAT3 can cause nerve cell apoptosis (23) . The current study demonstrated that salvianolic acid B significantly upregulated p-STAT3 protein expression in CSVD rat. Liu et al (14) reported that salvianolic acid B increased proliferation rate by activating Janus kinase 2-STAT3 pathways in stem cells.
VEGFs are important downstream effector molecules for STAT3. VEGF can promote the generation of new blood vessels and vascular remodeling, and is also an important neurotrophic and protective factor (24) . The protective effect on the central nervous system has been a focus of research (11) . A previous study indicated that VEGF increased following CSVD in rats, the changing trend of expression for VEGF was opposite to that of the trend for apoptosis (11) . This indicates that when VEGF expression is high, the apoptosis levels are low (25) . By contrast, when VEGF decreases, the apoptosis will increase, which may be due to the gradual reduction of p-STAT3 protein, the regulated VEGF expression will decrease and the protein which has protective effect to nerves will also decrease. Therefore this will cause the exacerbation of injury and increase of apoptosis cells. In the present study, it was identified that salvianolic acid B significantly upregulated VEGF and VEGF-R2 protein expression in CSVD rats.
In conclusion, the present study was, to the best of our knowledge, the first to demonstrate that salvianolic acid B recovers cognitive deficits and neurocytes, reduced inflammation, oxidative stress and neurocyte apoptosis in CSVD rats through the STAT3/VEGF signaling pathway. These results provide a potential novel therapeutic strategy for the treatment of CSVD.
